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Abstract--A study has been made of the solution polymerisation of trioxane in 1,2-dichloroethane with 
boron trifluoride diethyl etherate as the initiator during the induction period. The experimental parameters 
varied were initiator concentration, initial trioxane concentration and temperature. The rates of trioxane 
consumption, tetroxane production and formaldehyde production and the rate of increase in the amount 
of soluble linear oligomers increased with increase in the initial concentrations of initiator and trioxane 
and with increase in temperature. The results also indicate an equilibrium between formaldehyde and 
cationic species. A kinetic model is proposed for polymerisation of trioxane during the induction period. 
The model proposes three parallel irreversible reactions between trioxane and cationic species and a 
reversible reaction between formaldehyde and cationic species. The scheme involves five rate constants 
which are determined from statistical fit of experimental data. The predictions of concentration-time 
profiles for various species are in excellent agreement with the experimental results. 
1. INTRODUCTION 
The polymerisation of trioxane to form poly- 
oxymethylene is industrially important [1]. One com- 
mercially attractive and scientifically interesting way 
of carrying out this polymerisation is to conduct it in 
solution. This solution polymerisation of trioxane has 
attracted considerable attention [2-12]. An unusual 
feature of the solution polymerisation is the existence 
of an induction period during which no polymer 
precipitates out; precipitation starts only after the 
induction period. Though considerable information 
is available on the polymerisation during the precip- 
itation period [3-5], not much is known about the 
behaviour of the system during the induction period 
[6-121. 
Jaacks and Kern [6] were the first to establish that 
formaldehyde is produced during the induction 
period. They also suggested that the precipitation of 
polymer starts only after an equilibrium concen- 
tration of formaldehyde is reached. It has also been 
suggested [7] that the induction period can be reduced 
or eliminated by an initial addition of formaldehyde 
to the reaction mixture. On the other hand, Miki et 
al. [8] found that, though the presence of sufficient 
formaldehyde leads to instant turbidity when initiator 
is added, the amount of precipitate does not increase 
with time. Thus, according to them, the true in- 
duction period is not changed by the addition of 
formaldehyde. 
Rakova et al. [9, 10] have divided the induction 
period into two parts, one associated with slow 
initiation and another with the accumulation of 
formaldehyde. They have also given an expression for 
total induction time in terms of the monomer and 
initiator concentrations. On the other hand, Hladky 
et al. [11] observed that the induction period is 
independent of monomer concentration when the 
reaction is carried out in a solvent mixture (heptane 
nitrobenzene) with dielectric constant equal to that of 
trioxane. However, the dilatometric method used by 
these investigators gives no information on the nature 
and quantity of the various products formed during 
the reaction. Miki et al. [12] on the other hand have 
established by GLC the existence of cyclic oligomers, 
like tetroxane and pentoxane, during the poly- 
merisation of trioxane. 
Thus, the information available so far refers to the 
occurrence of an induction period, the effects of 
various factors on it and the various products formed 
during the induction period. Not much is known, 
however, about the kinetic behaviour of the reacting 
system during the induction period. 
We now report an experimental study and mod- 
elling of the kinetic behaviour during the induction 
period of trioxane polymerisation in 1,2-dichloro- 
ethane with boron trifluoride diethyl etherate as 
initiator. The parameters studied are initiator 
concentration, initial trioxane concentration and 
temperature. 
2. EXPERIMENTAL 
The polymerisations were carried out in a 1 litre resin 
kettle fitted with stirrer, immersed in a thermostat main- 
tained to within _0.1 °. Samples were withdrawn from the 
reaction mixture with a hypodermic syringe; they were 
immediately run into a weighed amount of chilled iso- 
propanol to stop reaction. The parameters studied were 
temperature, catalyst concentration and initial concen- 
tration of trioxane. The reaction was studied at 35, 40, 45 
and 50 ° . Earlier investigators [3] studied this reaction with 
a high ratio of catalyst to water. In this study, this ratio was 
kept very low. The concentration of water was fixed at 
5 mmol/1 by the addition of measured quantities of de- 
ionised water. The concentration of the catalyst, boron 
trifiuoride ethyl etherate, ranged from 1 to 5 mmol/l. The 
833 
834 M.N.  CHANDRASHEKARA et al. 
Table 1. Experimental conditions 
Initial monomer Initial initiator 
concentration concentration 
Experiment Temperature [M]0 [I]0 
number (°C) (mol I i) (mol 1-i) 
1 35.0 4.0 0.003 
2 35.0 4.0 0.004 
3 35.0 4.0 0.005 
4 40.0 4.0 0.002 
5 45.0 4.0 0.001 
6 45.0 4.0 0.002 
7 45.0 4.0 0.003 
8 45.0 4.0 0.004 
9 50.0 3.0 0.001 
10 50.0 3.0 0.002 
11 50.0 3.0 0.003 
12 50.0 4.0 0.001 
13 50.0 4.0 0.002 
14 50.0 5.0 0.002 
Solvent = 1,2-dichloroethane. Initiator = boron trifluoride diethyl etherate. Con- 
centration of water = 5 mmol 1- t. 
initial concentration of trioxane varied from 2 to 5 mol/l. 
The experimental conditions are presented in Table 1. 
The 1,2-dichloroethane used as solvent was purified as 
described [13]. Trioxane was purified by washing a solution 
in CH2CI 2 with NaOH and Na2SO 3 solutions. The organic 
phase was then dried over anhydrous Na2SO4. The trioxane 
was crystallised from this solution, dissolved in 
1,2-dichloroethane and stored over lithium aluminium hy- 
dride to remove traces of moisture and other reactive 
impurities. The concentration of water in the trioxane 
solution was determined by Karl-Fischer titrations. Boron 
trifluoride diethyl etherate, was first vacuum distilled and 
then dissolved in 1,2-dichloroethane. 
The samples withdrawn from the reaction mixture were 
analysed for trioxane, formaldehyde and tetroxane. The 
formaldehyde in the sample was determined by iodometric 
titration; the trioxane and tetroxane in the sample were 
determined by gas chromatography using a column filled 
with 10~ polyethylene glycol monostearate-4000 coated on 
Fluoropack-80 and flame-ionisation detector. The iso- 
propanol used to stop reaction in the sample also served as 
an internal standard in the gas-chromatographic analysis. 
The "cut and weigh" procedure was employed to measure 
the areas of peaks of the chromatogram. 
3. DEVELOPMENT OF KINETIC MODEL 
3.1. Material balance 
The material balance was calculated for all the 
experiments. In all cases, the amounts  of  for- 
maldehyde and tetroxane produced did not  corre- 
spond to the trioxane consumed. Further,  this 
difference increased with reaction time suggesting 
that some trioxane produces soluble linear oligomers. 
These oligomers could be dead or alive, and their 
total weight can be calculated in the following way: 
G = [[M]0 - [M]]90 - [T]120 - [F]30 
where [M]0 represents initial trioxane concentration, 
and [M], [T] and IF] represent concentration o f  
trioxane, tetroxane and formaldehyde at any time t. 
3.2. Consumption o f  trioxane 
The consumption of  trioxane can be presented as 
k' 
M + P , product  (A) 
where M represents trioxane and P represents the 
growing cations. The kinetics of  consumption can be 
written as: 
- d [ M ]  
- -  = k'[M]P[P] q (1) 
dt 
Assuming that [P] is proport ional  to the initial con- 
centration of  initiator [I]0, equation (1) can be written 
as 
- d [ M ]  
- -  = k '~  [M]P[I] q 
dt 
where ~ includes the proport ionali ty constant. It may 
be noted that several previous workers have in fact, 
assumed [P] to be equal to [I]0 at a given temperature 
[4, 14]. 
A plot of  initial rate of  trioxane consumption vs [I]0 
at various values of  [M]0 was linear indicating the 
order of  reaction to be 1 with respect to initiator. 
Similarly, plots of  log ( - d [ M ] / d t )  vs log [M] gave 
parallel straight lines having slope close to 2, indi- 
cating second order reaction with respect to trioxane. 
Equat ion (1) thus becomes 
d[M] _ k'~ [M]2[I]0 
dt 
which on integration gives 
1 1 
- -  + k ' ~  [I]0t 
[M] [M]0 
Putting k = k'~ gives 
1 1 
- -  4- k [ I ]o t  ( 2 )  
[M] [M]0 
Figure 1 depicts a plot of  1/[M] vs t data for 
various [I]0 values. It is evident that equation (2) 
satisfies the data  extremely well. Further,  a constant 
value (for k) is obtained if the slopes of  various lines 
are divided by the appropriate [I]0 values. This result 
supports the assumption of  linear proportionali ty 
between [P] and [I]0. 
3.3. Conditions at the end o f  the induction period 
Table 2 shows concentrations of  tetroxane and 
formaldehyde at the end of  the induction period 
(t = t*) at 50 ° for various values of  [M]o. It is evident 
that the formaldehyde concentration at t = t* is 
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Fig. 1. Plot of 1/[M] vs time at different initiator concen- 
tration. [M]0 = 4.0 mol/l, temperature = 35.0 °. 
independent of [M]0, whereas that of tetroxane is not. 
This suggests an equilibrium between cationic species 
P and formaldehyde and the absence of such an 
equilibrium between cationic species and tetroxane at 
t = t * .  
3.4. Kinetic model 
Based upon the above analysis of experimental 
data, the following kinetic model can be written for 
the polymerisation of trioxane during the induction 
period: 
Ki 
BF30(C2Hs) 2 + H2.0T----~(BF~OH)- H ÷ 
+ O(C2H5) 2 (B1) 
ki 
BF30(C2Hs)2 ' BF30(C2H5 ) - (C2Hs) + (B2) 
k y +P 
M + P , P' , 3 F  + P (B3) 
" - ~ y p  
kl 
F + P .  "P  (B4) 
k~ 
P + H20 , D + P (B5) 
kb 
It should be noted that the species P consists of 
cationic molecules produced by reactions (B1) and 
(B2) as well as other cationic molecules of greater 
chain lengths. P is seen from reaction scheme (B) to 
be ion pairs. Reactions (B1) and (B2) are the ioni- 
sation reactions and indicate the manner in which ion 
pairs are generated by the initiator. Reaction (B3) 
corresponds to initiation, propagation and formation 
of formaldehyde and tetroxane reaction. Reaction 
(B4) is the reversible reaction between formaldehyde 
and the cationic species. The model postulates that 
the trioxane (M) reacts with the cationic species (P) 
to form an activated species P' which at once under- 
goes three parallel rapid reactions by which a fraction 
x is converted into tetroxane, a fraction y into 
formaldehyde and a fraction (1-x-y) into the cationic 
species P. Reaction (B5) is the chain transfer reaction 
producing dead linear oligomer. 
Based on the arguments given in Section 3.2, we 
also have kt = k~ct, k2 = k ~ ,  ktr = k~r~. The molar 
rates of consumption of M and of production of F 
and T are given by the following equations: 
d[M] = k[ii0[M] 2 (3) 
dt 
d[Tl = kx[I]0[M] 2 (4) 
dt 
d[F] = 3ky[i]0tMl2 _ k,[F][I]0 + kdI]0 (5) 
dt 
The rate of increase in weight of dead linear oligo- 
mers can be given by 
d W o  
d t = ktr[I]° [H20] M t~ (6) 
where Wn represents the weight of dead linear oli- 
gomers and Mb is their average molecular weight at 
time t. The rate of gain in the weight of cationic 
(living linear) oligomers is given by: 
dWL = k(1 - x - y)[I]0[Ml2M~ + kl[F][I]0M ~ 
dt 
- k d I ] o M V  - k , , [ I ] o  [H20]M 
- kx[I]0[M]2m~ (7) 
where WL is the weight of living linear oligomers. The 
last term in equation (7) represents the loss of one 
CH~O unit from cationic molecules required to pro- 
duce one tetroxane molecule from one trioxane mol- 
ecule. M ~  and M~ are the molecular weights of 
trioxane and formaldehyde respectively. Further by 
definition 
G = WE + WD (8) 
Table 2. Concentration of tetroxane and formaldehyde at the end of the induction period 
Experiment Temperature [M]o [I]o t* [t]* [F]* 
number (°C) (moll -~) (moll  i) (rain) (moll -L) (moll  i) 
9 50 3.0 0.001 105 0.121 0.134 
10 50 3.0 0.002 38 0.121 0.131 
12 50 4.0 0.001 65 0.148 0.137 
13 50 4.0 0.002 27 0.147 0.134 
14 50 5.0 0.002 17.5 0.162 0.133 
[M]0 = initial monomer concentration; [I]0 = initial initiator concentration; t* = induction time; 
[T]* = tetroxane concentration at t*; IF]*= formaldehyde concentration at t*. 
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Equations (6), (7) and (8) lead to 
dG 
d t  = k(1 - x - y)[I]0[M]2gh + kl[F][I]oM~ 
- k2[I]0M ~ -- kx[I]0 [M]2M~ (9) 
Equat ion (9) is rearranged to 
d(G/Mh)  
dt k( l  - 4/3 x - y)[I]o[M] 2 
+ [1/3][F][I]0k~ - [1/3]k2[I10 (10) 
Dividing equation (5) by 3 and adding to equation 
(10) leads to: 
d 
d t  {[F]/3 + G/MR} = k(1 - (4/3)x)[I]o[M] 2 (11) 
Equations (3), (4), (5) and (11) represent the kinetic 
behaviour of  the reacting system in the interval 
0 ~< t ~< t*. The solutions of  these equations with the 
initial condit ions 
t = 0, [M] = [M]0 
I T I = 0  
IF] = o 
G = 0 (12) 
are as follows: 
[M]0 
[M] - - -  
(1 + at) 
[T] = kx[II0[Ml~(t - at 2 + a2t 3) 
I {  1 2a 6a 2 ) 
[F] = ~ + ~ + ~ j ~  3ky[I]o[M] 2 
+ k ~ ] (  1 - e-k'['t°') + 3ky[I]o[M] 2 
2at 3a:t 2 6a2t ] 
x -k- o k,t ]o 
and 
{ G/M ~ + [F]/3]} = k(1 - (4/3)x) [I]0[M] 2 
x ( t - a t  : +a2t 3) (16) 
where 
a = k[I]o[M]0 (17) 
The equations (14)-(16) are obtained based upon the 
first three terms of  the binomial  expansion of  
[1/(1 + at)2]. 
Equations (13)-(17) describe the variat ion of  molar  
concentrat ions of tr ioxane [M], tetroxane IT], form- 
aldehyde IF] and variat ion of  {[F]/3 + G/M'M} with 
time during the induction period 0 ~< t ~< t*. To em- 
ploy the equations (13)--(17) for numerical calcu- 
lations, one needs the values of  constants k, x, y, k~ 
and k2. 
3.5. Evaluation of constants 
The five constants k, x, y, kt and k2 can be 
evaluated as follows 
(i) The slope of  the linear plot  of  1/[M] vs t 
[equation (2)] is k[I]0, giving the value of  k. 
(ii) Once k is known, x can be obta ined from the 
least squares fit of  the experimental  da ta  of  [T] vs t 
to equation (14). 
(iii) At  t = t*, k,[F]*[I]0 = k2[I] 0. 
This yields: 
k t 1 




(13) y = 3k[i]0[M]. 2 (19) 
(14) Equat ion (18) gives a relationship between k t and 
k2 in terms of  experimentally measured (or extrapo- 
lated) value of  [F]. So once kl is fixed, k2 also is fixed. 
F r o m  the experimental  data,  one knows values of  
(d[F]/dt),=,. and [M]*. ( [ M ] * = [ M ]  at  t =  t* and 
[F]* = [F] at  t = t*.) Using these values one can find, 
from equat ion (19), the values of  y. However,  this 
value of  y is only an initial estimate, as the value of  
the derivative at  t = t* from the data  is not  very 
(15) accurate. The exact value has to be decided along 
with the value of  k~, such that  [F] vs t da ta  are 
proper ly  explained. 
(iv) At  t = 0, [F] = 0; and one has 
3ky[I]0[M]g + k2[I]0 = (d[F]/dt)t=o. 
Temperature [M]0 [I]o 
(°C) (mol 1) (mol 1) k x y k I k 2 
35 4.0 0.003 0.059 0.492 0.037 2.7 0.184 
0.004 0.059 0.530 0.042 2.7 0.184 
0.005 0.059 0.515 0.042 2.6 0.177 
40 4.0 0.002 0.1 ll  0.577 0.049 6.0 0.450 
0.004 0.I 11 0.613 0.054 6.5 0.488 
45 4.0 0.001 0.200 0.415 0.040 10.0 0.970 
0.002 0.202 0.492 0.041 14.0 1.358 
0.003 0.200 0.480 0.039 10.0 0.970 
0.004 0.201 0.595 0.040 12.0 1.164 
50 3.0 0.001 0.360 0.408 0.044 24.0 3.192 
0.002 0.361 0.542 0.044 24.0 3.192 
0.003 0.360 0.555 0.044 24.0 3.192 
4.0 0.001 0.361 0.444 0.044 24.0 3.192 
0.002 0.359 0.511 0.044 24.0 3.192 
5.0 0.002 0.360 0.542 0.069 29.0 3.857 
Units of rate constants: k, 12 mol-2 min-  ~; k~, mol- 2 min-  i, k2" min-  ~. 
Table 3. Kinetic parameters evaluated from individual experiments and their averages 
Individual constants Average constants 
k x y k t k 2 
0.059 0.512 0.040 2.667 0.182 
0.111 0.595 0.052 6.250 0.469 
0.200 0.495 0.040 11.500 1.116 
0.360 0.500 0.049 24.83 3.300 
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Once the initial estimate of y has been made, this 
equation will yield the value of  k2. This again is only 
an approximate value because the value of 
(d[F]/dt),=0 from the experimental data will be ap- 
proximate. The exact value of k2 will be decided, 
along with the exact values of y and k~, to satisfy [F] 
vs t data. 
4. RESULTS AND DISCUSSIONS 
Table 3 shows the constants k, x, y, kl and k2 
calculated using the procedure outlined earlier for the 
experiments mentioned in Table 1. Table 3 also shows 
the average values of k, x, y, kl and k2 for various 
temperatures. 
Figures 2-13 present the [M] vs t, [F] vs t, [T] vs 
t and {[F]/3 +G/M'M} vs t plots in the period 
0 ~< t ~< t* for various experimental conditions. The 
experimental data are represented by various sym- 
bols; theoretical predictions based on equations 
(13)-(17) are presented by lines. The solid lines are 
based on the best constants obtained for the individ- 
ual experiments, whereas the broken lines are based 
on average constants at the given temperature. It is 
evident from these figures that the trioxane concen- 
tration [M] decreases monotonically with time, 
whereas the concentrations of formaldehyde, [F] and 
tetroxane, [T] and the amount of linear soluble 
oligomers (both dead or alive) represented by G/M' M 
increase monotonically with time. This is expected 
from the reaction scheme (B) and is predicted by the 
theoretical curves. The monotonicity also implies that 
the rate of formaldehyde production from trioxane 
and species P always remains greater than the rate of 
formaldehyde consumption by reaction (B4). 
Figures 2-13 also show that the theoretical predic- 
tions based on the average constants are very close to 
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Figures 2-5  show the effect of  variation in initial 
initiator concentration on the [M] vs t, IT] vs t, [F] vs 
t and {[F]/3 + G/M~} profiles. Evidently, the rates of  
trioxane consumption,  tetroxane production and for- 
maldehyde production, and rate o f  increase in 
amount  of  linear soluble ol igomers (represented by 
G/M~) increase with increase in the initial initiator 
concentration. This is understandable, as the in- 
creased initiator concentration would lead to more  
collisions between cationic molecules  and trioxane 
molecules,  which in turn leads to higher rates of  
trioxane consumption and product formation. This 
behaviour is also expected from equations (13)-(17).  
In fact, theoretical predictions based on equations 
(13)-(17) not only predict the correct trend but also 
explain the data fairly well. Particularly encouraging 
is the fact that the constants k and x determined from 
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Fig .  7. E f f e c t  o f  i n i t i a l  t r i o x a n e  c o n c e n t r a t i o n  o n  t e t r o x a n e  
p r o d u c t i o n .  [I]0 = 0.002 mol/l, temperature = 50.0 ° 
the data of  [M] vs t and [T] vs t, when substituted in 
equation (16), explain the data of  {[F]/3 + G/Mh} vs 
t fairly well (see Fig. 5). 
Figures 6-9  show the effect of  variation in initial 
trioxane concentration, [M]0 on [M] vs t, IT] vs t, IF] 
vs t and {IF]/3 + G/Mh} vs t profiles. It is apparent 
that the rates o f  trioxane consumption and product 
formation increase with increase in the initial concen- 
tration o f  trioxane. This again is understandable and 
fits in with the molecular collision picture. Again, this 
effect of  [M]0 is also reflected by the model .  The 
theoretical predictions based on equations (13)-(17) 
explain the trend as well as the actual data of  Figs 6-9  
fairly well. 
Figures 10-13 exhibit the effect of  variation in 
temperature on the changes with time of  various 
quantities. The Figures show that the rates of  tri- 
1.8 
1.5 





~ 0 . 6  
0.3 
Theory 
( ) Individual constants 
( -  - - ) Average constants 
[M]o values 
t 3 3 . 0  
a 4 . 0  
o 5 .0  
-- / /  
/ /  / / 
0 z5  15.0 2 2 5  30.0 3",'.5 4~.0 
Time (rain) 
Fig. 9. Effect of initial trioxane concentration on 
{[F]/3 + G/M~}. [I]0 = 0.002 real/l, temperature = 50.0 ° 
Kinetics of solution polymerisation of trioxane--I 
4.1 -- 
Temperature (*C] 
a 4 0 . 0  
40 ~ n 45.0 
Theory 
3 6  ( ) Individual constants 
( - - -  - )  Averoge constonts 
3.5 I i I I I 1 
12.5 L '50 37.5 50.0 62.5 75.0 
Time (min) 
Fig. 10. Effect of temperature on trioxane consumption. 
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Fig, 12. Effect o f  temperature on formaldehyde  product ion.  
[M]0 = 4.0 mol/l ,  [I]n = 0.002 mol/l.  
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oxane consumption and product formation increase 
with rise in the temperature, as expected. Once again, 
the theoretical predictions based on equations 
(13)-(17) not only explain the correct trend but also 
explain the data reasonably well. 
Figure 14 shows the linear Arrhenius plots for the 
average values of k, kx, ky, k~ and k2. Interestingly, 
the Figure shows that the slopes of the average values 
of k, kx and ky are the same, showing that the 
activation energies for all the reactions given by (B3) 
are the same. This supports the central hypothesis of 
the model that there is a single very short-lived 
activated species P' which leads to various products. 
It is evident from Figs 2-13 that the induction 
period, t*, decreases as the initial concentrations of 
initiator and trioxane and the temperature increase. 
Also the concentration of formaldehyde at t* is 
independent of the initial concentrations of initiator 
and trioxane, but increases with increase in tem- 
perature. These findings agree with those of Jaacks 
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Fig. 14. Arrhenius plots of various rate constants. (O) k, 
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existence of an equilibrium between formaldehyde 
and cationic species at t - - t* .  
Miki et al. [14] have found that in the post- 
induction period the tetroxane concentration re- 
mains constant (they view this constant value as 
equilibrium value). They also found that this con- 
stant value increases with increase in initial trioxane 
concentration. The present results (Table 2) also 
corroborate this trend. However, the present model 
does not consider that the tetroxane equilibriates with 
cationic species at t = t*. The good agreement be- 
tween theory and experiments for various [T] vs time 
data lends support to this approach. 
Miki et al. [12] also concluded that the solution 
polymerisation of  trioxane during the post-induction 
period occurs by the following mechanism: 
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